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What 1s dark matter?

e \What is the nature of DM?
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Ultra-lght dark matter
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“Ultra-lght dark matter”, E.Ferreira, 2020. The Astronomy and
Astrophysics Review.
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Ultra-lght Dark Matter T

Ultra-hight candidate, cold . Large A ~ 1/mvy

Lightest possible candidate for DM
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10722 eV eV

Motwation: particle physics e S,
ULDM candidates Ultra-light DM

Natural candidate for a light scalar field 1s a pseudo-Nambu Goldstone boson axion

Many extensions of the Standard Model predict additional massive bosons

Massive Bosons
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- Formation mechanism: needs to have a relic

abundance that gives the correct DM abundance

Ref.: Modified from Chadha-Day et al 2022



Motwation: particle physics
ULDM candidates

Many extensions of the Standard Model predict additional massive bosons

Massive Bosons
(integer spin)

~ Ultralight
Bosons

/ Moduli &
' Dilatons

|Scalars
(spin\

For most of this talk:
Gravitational signatures!

Ref.: Modified from Chadha-Day et al 2022



Astrophysical signatures
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Ultra-hoht Dark Matter T

t-—p

Ultra-light candidate - Large Ayg ~ 1/mv
Lightest possible candidate for DM
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DM: wave behaviour

Large scales:

DM behaves like standard

particle DM (CDM).
\ Galaxy halo
/:;,'/'/ Small scales:
DM behaves like a wave
DM: particles . |
Adapted from Quanta

d > \gB 10760 kg 10-3%kg

107*° eV <m <eV| A5~ pc—kpe




1072V eV

>
QCD

axion

Ultra-lght Dark Matter -classes

3 classes:

Axion and ALP (axion like particles)

1= (= 7 + gl md ) 0 £ = P(X)

— Connection with condensed matter and particle physics! “Ultra-hght dark matter”, E.Ferreira, 2020. The Astronomy and
Astrophysics Review.



Fuzzy dark matter




Fuzzy Dark Matter

axion

Wave DM
Ultra-hight axions

Focus more on spin 0 particles
here!

107%%2eV < m < 107 1% eV

Hu W, Barkana R, Gruzinov A (2000 a,b)
(Reviews: EF (2021), . Niemeyer (2019), L. Hui (2021))



Cosmological evolution

Boson/ Scalar field in a cosmological (FRW) background
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Cosmological evolution

Boson/ Scalar field in a cosmological (FRW) background
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Structure formation - non-relatwistic regime

Evolution on small scales: take non-relativistic regime ot the theory, relevant for structure formation.

Schrodinger-Poisson system : describe the FDM and the SIFDM

i) = ( v —mcb) y

V20 = 4nG(m[y]* - p)

Schrodinger equation
(Gross-Pitaevskii)

Poisson equation

g#0 —— SIFDM

Fundamentally different than
CDM/WDM/SIDM!

p+V-(pv)=0

1
v+ (v-V)v=——
m
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fMadelung equations (¢ = /p/me”? and v =V60/m)
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Finite Jeans length -
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Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?2=1.75x10"2eV, z=0.00
Vmax = 88.1km/s
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S. May et al. 2021

Formation of a solitonic core

104 eV eV

Ultra-light DM
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* Focus only in gravitational signatures

Dynamical effects
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Baumann et al. 2019

Wave interference
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Mocz et al. 2017
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Phenomenology

Suppression of small structures
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Power spectrum: highly constrained for k > 10 Mpc™!
unconstrained for k < 10 Mpc™!



Phenomenology

Suppression of small structures

Finite Jeans length A; or Ay, Ay, _ Suppresses small scale structure

POWER SPECTRUM TRANSFER FUNCTION
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- Degenerate with WDM



Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Formation of a solitonic core

104 eV

Ultra-light DM

-



104 eV eV

Phenomenology N
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Formation of cores

m=10"?eV N =512°> L =2300knc \
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Stable, oscillating solution
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Phenomenology

Formation of cores
Galaxy 10° .
halo g | T Cusp

NFW : Bl T NFW

orr <r o . )

p(T) ~ IOC — TG g 7 = ;

ONFW for v > re 310 observed
g 108
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Radius (kpc)
FDM From simulations Schive et al. 2014, fitting function: Updated in Chan, EF et al 2021
g 55 1.9 x 1072 ( m )—2(rc )—4M g
" [1+0.091(r/Ryj2,)%® \10-22eV kpc ; | Relations used to compare

with observations
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Phenomenology

RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of small structures

FDM: 2563, mc?2=1.75x10"2eV, z=0.00
Vmax = 88.1km/s
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Formation of a solitonic core

104 eV eV

Ultra-light DM
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* Focus only in gravitational signatures

Dynamical effects
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servational implications and constraints e

b e
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CMB+LSS
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ESA and the Planck Collaboration
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Observational implications and constraints
I ULL)Y Dark Matter - bounds on the mass

PTA

“Ultra-light dark matter”, E.F., 2020. The Astronomy and
Astrophysics Review.

CMB + LSS
Lyman-«

Eridanus I

BHSR -

M87 BHSR - SMBHs
stellar mass

21-cm (EDGES)

Bounds consider FDM is all DM
SHMF

Heating

SEGUE |
Segue |, Interf. pattern —s !
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FDM Mass (eV)


https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

10722eV eV

Current status . ;

Ultra-light DM

Fuzzy Dark Malter - bounds on the mass e

_S_A and the Planck Collaboration

stellar mass

PTA
Loz oy ' Superradiance
CMB + LSS N b
Springel & others / Virgo Consortium .
Lyman-a c\“\»
Before ]
: . . Eridanus || p \
RN M87 BHSR - SMBHSs e

Stellar stream Dwarf galaxies

21-cm (EDGES)

Sgr
s't_ream

core

SHMF § . Sor

Heating

SEGUE |
=

NASA and ESA Segue |, Interf. pattern i
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FDM Mass (eV)

“Ultra-lght dark matter”, E.E., 2020


https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

Observational implications and constraints

Fuzzy Dark Matter - bounds on the mass

Suppression of small structures + evolution

CMB/LSS

Hlozek et al, (2015, 2018)
1.0

CMB
CMB + WiggleZ

Qa/Qd

-32 =31 =30 =29 =28 =27 =26 =25 =24
logm('n r, eV )

m > 107%* eV

Lyman alpha

Armengaud et al. (2017); Irsi¢ et al. (2017);
Rogers et al. (2020)

10V}

k Pe(k)/x

1071

/AL e XQ-100 —— bestfit

" MIKE «iwie IMEDM = 10 x 1072 oV Y z2=23.6
s+ HIRES . [
1072 1071
k [km™!s]

m > 2x 107" eV

so enough Mpc-scale power in Ly-a forest at z = D.



Observational implications and constraints
Fuzzy Dark Matter - bounds on the mass

PTA

“Ultra-light dark matter”, E.F., 2020. The Astronomy and
S Astrophysics Review.

CMB + LSS

Lyman-«

Eridanus I

BHSR -

M87 BHSR - SMBHs
stellar mass

21-cm (EDGES)

Bounds consider FDM is all DM
SHMF

Heating

SEGUE |
L = | |
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Our group has some of the strongest bounds on these models!


https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

Observational implications and constraints e emas e Fic Do

Chan, E.F., K. Hayashi, 2021.
Fuzzy Dark Matter - bounds on the mass an ayashi

Presence of a core

PTA
Galaxy
CMB + LSS halo
Lyman-«
Eridanus Il
M87 BHSR - SMBHSs Sl |
stellar mass Condesate

core

21-cm (EDGES)
SHMF

Heating

SEGUE | Ultra faint dwarts
Segue |, Interf. pattern ]

10-26 10-24 10722 10-20 1018 10716 10-14 10-12 10-10
FDM Mass (eV)



https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

Ultra-hoht Dark Matter

Fuzzy Dark Matter - bounds on the mass

Hayashi, E.F,Chan, 2021.

Ultra faint dwarfs

FDM mass from Ultra-faint dwarfs
Stellar kinematic data from 18 UFDs to fit the

FDM profile from simulations

PTA
CMB + LSS
Lyman-«
Eridanus meD = 1 1133 x 10719V
FDM " =0.7 X
M87 BHSR - SMBHs BRISR -
stellar mass
10*“ I I | I I I I I I I | 1 I I | | I |
21-cm (EDGES) S S S A |
- § 10~ -t+t* ------------------------------- + --------- } ---------------------------------- =
Heating ' : ¢ ¢
10~ . 1
SEGUE | = : =
Segue |, Interf. pattern @ . ! :
. . — . . | ! B e =P =k
—22 —20 —18 —16 —14 —12 —10 $ £ § 55 fF s 588 55858 &5 4§
10 10 10 10 10 10 10 gégggozgéﬁ?ﬁwa:ég:f;g
e o & 5 g g 5=
FDM Mass (eV) 2" < = 5 5
Preference for higher mass

10726 10-24


https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

Ultra-hoht Dark Matter

Fuzzy Dark Matter - bounds on the mass

PTA

CMB + LSS

Lyman-«

Eridanus Il

M87

21-cm (EDGES)

SHMF

Heating

SEGUE |
Segue |, Interf. pattern

10726 10-24 10722 10-20 10718 10716 1014 10712 1010
FDM Mass (eV)

+ Improved zoom in simulations to understand sub-halo
properties

(Work i progress)

Shun'ichi Shin'ichiro
Horigome Ando

FDM mass from Ultra-faint dwarfs

e Stellar kinematic data from 18 UFDs + classical dwarts to fit
the FDM profile from simulations

* New analysis:

- Improved modelling of FDM based on previous work and
stmulation from our group

- Using environmental effects to put informed priors tor
Bayesian analysis the dwarts quantities - SASHIMI

|

Result: more conservative and improved bounds
Lessons for PFS analysis!

Preparation for PFS!



https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

Current status
Fuzzy Dark Matter - bounds on the mass

CMB + LSS [ hese models can be constrained

Lyman-«
Eridanus Il 5 Eiigtaisil .

star cluster BUT: - systematic effects!!

7 SR I:gﬁ:: - - dynamics of FDM not
fully understood.
21-cm (EDGES)
slalils Some bounds are incompatible!
Dyn. friction
Heating
o il dsph e

phs - Observations

5 P - Improve sims
Segue |, Interf. pattern : ————| - New observables

10-26 10-24 10~ 10-20  jo-18  jo-16  jo-l4 jo-12 110 - New probes

Caner et al: FDM at most 10% for FDM Mass (eV)

| . . . /
10-21 oV < 1 < 10-17 oy Stoeet spot for solving small scale problems It 15 not because a bound 1s here that 1s correct.


https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
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Ultra-light DM

-

RICH PHENOMENOLOGY ON SMALL SCALES

Wave interference

interference

Mocz et al. 2017
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Ultra-light DM
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Phenomenology

Wave interterence: granules and vortices

1015

10** &

1012

Density [solarmass/ Mpc

1011

interterence

1010

. ) ) . . Mocz et al. 2017
Order one fluctuations in density — Constructive interference:

Destructive interference L, A )‘dB




Vector; lugher spin or multicomponent FDM

ULDM or ULA are a coherent wave - same frequency and constant phase difference

1 field y Ptotal
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Gonseca et al 2023

4 flelds, protal

—-10 =95

0
x (kpc)

5

10

. 108

/N
=5
1002

’—l
=)
T~

=3
ULDM Density

—_
-
o

Interference patterns
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Multiple FDM or VFDM (or higher spin s FDM)

attenuates the granule amplitude by

0p/Plutdm,s L

1
0p/Pltam /25 +1) VN

(Amin et al 2022)

-~

\_

Vector (and higher-spin) FDM ~ Amun et al 2022

(Vector FDM = 3 x same mass FDM (spin 0))

~

Multicomponent FDM  Gonseca et al 2023

_




Modeling a granular halo

Coherent wave oscillation of ULDM

o(t, %) = m~1\/2p(t, &) cos[mt

Fixed
freq.

0

Constant
phase

IV

107+20  107+40
mit




Modeling a granular halo

Coherent wave oscillation of ULDM

o(t, %) = m~1\/2p(t, ) cos[mt + 0] \/\/\/\/\M/\/
Fixed Constant \/\/\]\/V\/V\/

freq. phase

-3t . .
. . . . 107 107+20  107+40
But, the halo in these models 1s like this: / s Nakatsuka et al 2022

Superposition of plane waves

W - WA




Modeling a granular halo

Coherent wave oscillation of ULDM

— —1 —
8(t, %) = m~1\/3p(t, 7) coslmt + 6] 1,
Fixed Constant \ ”
freq. phase
But, the halo in these models 1s like this: U \}
U
| U I - tosc
tdB
Superposition of plane waves

bone, = 20 /10
M = V)

tap = 2/ (mv?)

1.9 % 100 yr <1022 ev> (250 km/s)2

™ (v



Modeling a granular halo

Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

OR

We can adopt simpler descriptions of the galactic halo to describe this eftect.

1) A simple model of a galactic halo, consider a
superposition of plane waves:

Randomly distributed

w(t, a—j») _ ZAEeiBEeiE-f—iwkt
k

Wave interference produces de-Broglie-scale, order unity density
fluctuations which vary on time scale of 7

This collection of plane waves can also be represented like this:

¢(t,r) = A(Z) cos(mt + o))

describes the interference
patterns

2) Another model would superimpose eigenstates of a desired
oravitational potential (Lin et al. 2018, Li et al. 2021)

Perform an eigenmode decomposition of the halo wavetunction, where the
eigenmodes are for a fixed gravitational potential

— ;. 1s the energy of each eigenmode (labeled abstractly by k), with gk
replaced by the corresponding eigenfunction.

rgy eigenvalue

¢(7“7 97 ¢7 t) — Z Anlanlm (Ta 97 ¢)6—iEnl¥lﬁ%

n,l,m
7 Fun(r0.)= BP0,

Radial eigenfunction
energy eigenmodes of the gravitational potential of the

virialized halo



FDM constraints 2.0

Interference pattern

Simulation by Jowett Ghan

O(1) fluctuations i density — ~ A\

~N (=
Density [solarmass/ Mpc?]

104 eV eV

] ‘Ultri-ﬁght DM
PROBES:
- Strong lensing
- Stellar streams
- Heating
- Dynamical friction
Heating System (star)
FDM granule gains energy
Meft
Friction
FDM granule
System (GG or BH)
Meff loses energy

Globular cluster



Interference patterns - granules

A

CMB + LSS

Strong lensing

«—— D. Powell et al, 2023
mppy > 4.4 X 1072 eV

< A. Laroche et al, 2022

mepy > 107212 eV

J. Chan, et al 2022

Lyman-«

Galaxy dynamics

21-cm (EDGES)

SHMF
: Heating
Stellar heating
Dalal et al, 2022 —— Segue |, Interf. pattern

Mepy > 3 X 1077 eV

M87 BHSR - SMBL. s

SEGUE |
f— !

1OL26 1OI—24 1OL22

10L20 1Ol18 1OL16
FDM Mass (eV)

10~

Heating

FDM granule

+—>

Meff

System (star) gains
energy

See Peter Graham talk


https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

Interference patterns - granules

Strong lensing

«—— D. Powell et al, 2023
mppy > 4.4 X 1072 eV

< A. Laroche et al, 2022
—-21.5
CMB + LSS Mepy > 1077 eV

Lyman-«

Galaxy dynamics

M87 BHSR - SMBL s

Heating

21-cm (EDGES)
FDM granule

SHMF

+—>
. Heating
Stellar heattng Mheff
SEGUE|
Dalal et al, 2022 Segue |, Interf. pattern = ! System (star) gains

energy

1046 1024 1042 1040 1018 1016 10~
FDM Mass (eV)

Mepy > 3 X 1079 eV


https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N
https://arxiv.org/search/astro-ph?searchtype=author&query=Kravtsov%2C+A

10722V eV

Ultra-light DM

<

Strong lensing: sensitive to the mass distribution of the total matter in the lens system

Flux anomaly Resolved 1imaging
Unresolved strong lensed system Resolved strong lensing from galaxy surface brightness
image 1

- background
- galaxy

observer image 2

. gravitational lens

Any asymmetry 1n the structure 1n the lens, can break the
symmetry that yielded the flux ratio predictions




10722V eV

Ultra-light DM

-

Loow mass perturber with lensing

- background
e galaxy

e Strong lensing: powertful probe of substructure

observer — e Sensitivity 1s limited by angular

gravitational lens * Roughly speaking, the resolution must be better than the scale

radius of the perturber
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Ultra-light DM

LLow mass perturber with lensing

Presence of granules

background
galaxy

Surface densities overlaid with sources and quad images
for fuzzy and smooth lenses

observer image 2

gravitational lens

060G Te 1@ uey) [

Fuzzy lens: fluctuating tangencial critical curve;

Previous works:

J. Chan, H.Schive, S.g Wong, T. Chiueh, T. Broadhurst, 2020
A. Laroche, Daniel Gilman, X. Li, J. Bovy, X. Du, 2022




Interference patterns - granules

A

CMB + LSS

Strong lensing

«—— D. Powell et al, 2023
mppy > 4.4 X 1072 eV

< A. Laroche et al, 2022

mepy > 107212 eV

J. Chan, et al 2022

Lyman-«

Galaxy dynamics

21-cm (EDGES)

SHMF
: Heating
Stellar heating
Dalal et al, 2022 —— Segue |, Interf. pattern
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Ze n._s‘ an A lensed rado jet at milli-arcsecond resolution 11: Constraints on fuzzy dark matter from

an extended gravitational arce
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MG J0751+2716
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e Lensed radio jet, observed with global VLBI

3220

e Iirst image of a lensed radio jet!

32.0"
e Source structure allows us to “1mage” the lens surtace density

31.8" e Extended lensed radio arcs and the milli-arcsecond resolution

5 (J2000)

16l provide direct sensitivity to the presence of FDM granules 1n

the halo ot the lens galaxy

Bayesian approach to jointly inferring the lens mass model and

+27°16'31.2"

source surface brightness distribution
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a (J2000)

. . . . . (Suyu et al. 2006; Vegetti & Koopmans 2009; Hezaveh et al. 2016; Rizzo et al. 2018)
Data taken at 1.6 GHz using global very long baseline interferometry (VLBI) with an angular resolution, measured as the

full width at half maximum (FWHM) of the main lobe of the dirty beam response, of 5.5%1.8 mas?



an extended gravitational arce

Z gn Sz.n A lensed radio jet at milli-arcsecond resolution II: Constraints on fuzzy dark matter from
g D. Powell, S. Vegetti, J.P. McKean, S. White, EE S. May, C. Spingola

Forward modelling

Smooth lensing model: from Powell et al 2022

FDM granules:

Model by Chan et al 2020: statistics of spatially-varying surface mass
density fluctuations, given the density profile ot the dark matter, as well as
some basic assumptions on the behavior of scalar fields in a potential well

0 (M fdm, fdms> Ov) _ is the perturbation of the lensing potential -
fluctuations 1n the projected surface mass density written as

perturbations 1n the lensing convergence due to the presence of
the granules:

Adb

2\ __ 2
Instrumental response < 5 R > o 9 ﬁ 3 2 / P DM dl
source C los

m = D L(,n) s

Lens operator Smooth lens model
We wish to infer a posterior distribution on the dark matter particle mass P(m fdm)

SV (M fdm, fam, O ) We compute likelihoods for 104 sample FDM lens realizations with My, drawn from
el Jemo Ze the log-uniform prior range log(mfdm/ eV) e [—21.5, —19.0].



S tTO ng Zen,S an A lensed rado jet at milli-arcsecond resolution 11: Constraints on fuzzy dark matter from

an extended gravitational arc
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Example convergence maps with corresponding MAP surface mass density maps (k, in units of the critical density 2.c) reconstruction for 4

random realizations ot MG JO751+2716 in an FDM cosmology - the model lensed images in orange contours

my, =32x10"??eV, fom =0.63m, =1.5x10"*' eV, fom =0.74]m, =6.5 x 107*' eV, fpm = 0.66
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T'he lensing effect of the FDM granules 1s apparent: 'T'he critical curves wiggle back and forth across the lensed arcs, which would require the
presence of multiple images of the same region of the source along the arc.
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an extended gravitational arc
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Results quoted in terms of posterior odds ratio (POR) between FDM with a particle mass my,,, and

the smooth model, £/ %smooth Fuzzy dark matter

(Single spin-0 particle)

Lo} Midm > 4.4 x 1071 eV

This work I—>
0.8F

S Nadler+-2021 |—>
o L =
(E e Vector fuzzy dark matter
N Banik+2022 |—> (spin-1 particle)
0.4 F - OR 3 same mass FDM
Dalal+2022
_______ > _
Laroche+2022 |—> mvdm > 1 4 X 10 21 ev
0.2F .
Rogers+2021 |—>
0.0 1 | 1
—-21.5 —-21.0 —20.5 —20.0 —-19.5
log1o(my/eV) Spin-2 FDM

Mgpin_2 > 8.8 x 107%% eV



Strong lensing

- background

sy axion-photon coupling

""""""""""""""" . m ~ 10_[22—17] eV

™

J

observer

Binary stars

3
heating

k m ~ 1071167100 ey J
a

Stellar streams

Heating + coherent
perturbations

=)
heating

om0y

Pulsar 'Timing Array

itation of the Pulsar Timing Array concept. Credit: David
Champion / MPIfR
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Modified from: https://i.astro.tsinghua.edu.cn/~smao/contents/microlens.html
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In collaboration with Andrew Eberhardht,
Wentao Lui, Yin Li and Shurui Lin

granutes granule

4 ¥

d

Microlensed

M image




(Work i progress)

. . / llaborati 'th Andrew Eberhardt,
Stochastic lensing e
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) ) (Work i progress)
Stochastic lens ng " Wenteo Lu, i Li and ShururLin
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1 he search for dark matter (ULDM) 15 a

multi-probe/multi-scale endeavour. ..



Current status
Fuzzy Dark Matter - bounds on the mass

PTA Considering FDM 15 100% of DM
CMB + LSS .

: BUT: - systematic eftects!!
Lyman-a ; - dynamics of FDM not

: fully understood.
Eridanus Il

M87 BHSR - SMBL.s Shiii
stellar mass

21-cm (EDGES) What 1if:

; - DM not 100%
SHMF - Mixed CDM+ULDM

| : - More than one field - axiverse

Heating
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1 hese bounds would change!
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Sweet spot for solving small scale problems
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Current status
Fuzzy Dark Matter - bounds on the mass
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Measuring axion/ALP burefringence

Burefringence CMB Burefringence strong lensing

Lens

> NG

10~ 9 Polarized source
Ex.: Quasar

- Planck constraint us

- Lower bound to explain of the cosmic birefringence '
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Credit: C. O’Hare
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(Work in progress)
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Current status
Fuzzy Dark Matter - bounds on the mass

10 - .
+DES
S POLARBEAR Diffuse SNe
& Hydra A
107" o y
ey _ " - < Super star clusters
12 SPARC |/ S B M87
._53 : it E H1821+643
f’ 10~ - §
.
27 2 z
© 1077 o
2 SKA-IM s
= X
8 -4 o =
O 10775 Eri.-11 3
kSZ-OV O
10'—32 IOLBU IOLQS 10'—26 10L24 10—'—22 10-2() 10-18
LTD‘\'[ Illass Il]o [(‘\‘/r] [ BULLAL | LLLAL [LLLLLLL | UL | T Ty T Ty T T TTT

10—24 10—23 10—22 10—21 10—20 10—19 10—18 10—17 10—16 10—15 10—14

mg [eV]



1 he search for dark matter (ULDM) 15 a

multi-probe/multi-scale endeavour. ..

exciling times for axion dark matter



Stay tuned

2025 New review on Ultra-light Dark Matter

Reviews of Modern Physics

with

Andrew
Eberhardt



Summary

Current status

: | O |
Ultra-Light Dark Matter FDM: for 100% DM!
Strong lensing
Well motivated DM models CMB + LSS
Rich and distinct phenomenology on small scales mana
. i Ga amics
Testable prediction o
M87 BHSR - SMBHs
21-cm (EDGES)
SHMF
Heating
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New probes/observables



